ABSTRACT Magnetic monopoles 1 -3 are hypothetical elementary particles exhibiting quantized magnetic charge " = ±(h µ " e) and quantized magnetic flux " = ±h/e . A classic proposal for detecting such magnetic charges is to measure the quantized jump in magnetic flux Φ threading the loop of a superconducting quantum interference device (SQUID) when a monopole passes through it 4 . Naturally, with the theoretical discovery that a plasma of emergent magnetic charges should exist in several lanthanide-pyrochlore magnetic insulators 5 , 6 including Dy2Ti2O7, this SQUID technique was proposed for their direct detection 6 . Experimentally, this has proven extremely challenging because of the high number density, and the generation-recombination (GR) fluctuations, of the monopole plasma. Recently, however, theoretical advances have allowed the spectral density of magnetic-flux noise / , due to GR fluctuations of ± * magnetic charge pairs to be determined 7, 8 . These theories present a sequence of strikingly clear predictions for the magnetic-flux noise signature of emergent magnetic monopoles. Here we report development of a high-sensitivity, SQUID based flux-noise spectrometer, and consequent measurements of the frequency and temperature dependence of / , for Dy2Ti2O7 samples. Virtually all the elements of / , predicted for a magnetic monopole plasma, 2 including the existence of intense magnetization noise and its characteristic frequency and temperature dependence, are detected directly. Moreover, comparisons of simulated and measured correlation functions / ( ) of the magnetic-flux noise ( ) imply that the motion of magnetic charges is strongly correlated because traversal of the same trajectory by two magnetic charges of same sign is forbidden. A final striking observation is that, since the GR time constants are in the millisecond range for Dy2Ti2O7, magnetic monopole flux noise amplified by the SQUID is audible to human perception.
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Observation of a quantized jump in magnetic flux threading a SQUID loop when a monopole passes through it is a technique designed for direct detection of magnetic monopoles 4 . This is because, if a magnetic charge m " travels from x = −∞ to x = +∞ through the SQUID input loop, the net flux from the radial magnetic field | (r)| = µ " m " /4 B changes continuously from 0 to " (Fig. 1A ). This technique was proposed 6 for the direct detection of emergent magnetic charges in magnetically-frustrated lanthanidepyrochlore insulators 9,10 such as Dy2Ti2O7 and Ho2Ti2O7. In these materials, pairs of magnetic charges ± * are generated by thermal activation and, if each charge departs to ±∞ in opposite directions, the net flux threading the SQUID loop should evolve from 0 to Φ * = m * " (Fig. 1B) . However, because these materials are hypothesized to contain a dense plasma of equal numbers of ± * magnetic charges that are undergoing rapid thermal generation and recombination, measured by a SQUID (Fig. 1C ) is expected to be stochastic, weak, and with zero-average. Therefore, although there is much indirect evidence for the existence of the magnetic charge plasma in Dy2Ti2O7 and Ho2Ti2O7 (Ref. 9, 10) , the magnetic-flux signature 6 of the emergent magnetic charges m * has so far gone undetected.
In these compounds, the rare-earth magnetic ions (Dy 3+ ;Ho 3+ ) sit on a sublattice of corner-sharing tetrahedra (Fig. 1D) . They have only two low energy spin configurations in the form of an Ising magnetic moment ( ≈ 10 G ) that points either towards or away from the center of each tetrahedron 9, 11 (black arrows Fig. 1D ). The nearest-neighbor interaction between these Ising moments 9 takes the form − ∑ K ⋅ M , with ≈ −3.7K for Dy2Ti2O7 and ≈ −1.6K for Ho2Ti2O7. Out of a possible 16, this interaction selects 6 energetically degenerate ground state spin configurations 12 on a tetrahedron, all having two spins pointing in and two pointing out (2in/2out) as shown in Fig. 1D . The resulting classical
Hamiltonian is labelled the dipolar spin ice (DSI) model, and incorporates both these nearest-neighbor exchange interactions and longer range dipole interactions in the form 13 . Here the first term represents the Coulomb-like interactions between magnetic charges, and the second an on-site repulsion which enforces the b =0 or 2-in/2-out ground state at T=0. In this picture, when thermal fluctuations randomly flip a fraction of the Dy spins, this generates a plasma of emergent monopole quasiparticles with magnetic charges ± * , plus a small additional population 14 with charge ±2 * . Overall, the low-energy spin excitations in DSI materials are hypothesized to be a plasma of ± * magnetic charges 5, 6, 9, 10 , that are interacting via a Coulomb-like potential, while undergoing rapid thermally activated generation and recombination across an energy
= −
Thermally generated plasmas of ± electric charges, subject to both Coulomb interactions and rapid spontaneous generation and recombination, are well known and understood in intrinsic semiconductors 15-19. Here, thermal generation and recombination 
where the GR rate is 1/ = u ]|} ue i.e. the difference in between rates of charge of recombination and generation taken at N0, A = 2g(N0)/N0 2 , and V (t) represents the thermally generated stimulus uncorrelated in time 7, 14 . Taking the Fourier transform of Eqn. 3 yields the predicted spectral density of ± * pair fluctuations as 7
where q B ≡ − 0 2 is the variance in the number of ± * pairs. This result, shown schematically in Fig. 2A for a sequence of different , reveals many intriguing properties.
The spectral density of ± * pair fluctuations should be constant up to an angular frequency † ‡~1 / † ‡ on the so-called GR noise plateau, which occurs because of the pure randomness of the magnetic charge GR processes. Above this frequency, , should eventually fall off as 1/ B in the range of time scales for which the uncorrelated magnetic charges are propagating freely. Another key signature from Eqn. 4 of the magnetic charge GR processes would be that, in a regime where q B is approximately constant 7 , the power spectral density of lowest frequency number fluctuations S ω → 0, T should increase proportionate to .
However, there remains a key challenge to SQUID detection of emergent magnetic monopoles 6 : the GR fluctuations of ± * pairs , must be related directly to fluctuations / , of magnetic flux detectable by a SQUID (Fig. 1C) . Moreover, Eqn.
4 does not account for correlations in the motion of singly charged monopoles, nor for the existence of any doubly charged monopoles 14 . The correlations are theorized to exist due to the special topological constraints in spin ice, which distinguish the dynamics of ± * pairs in these materials from simple particle-antiparticle pairs in free space. Monopoles of opposite signs are connected by a Dirac string with magnetic flux Φ * = m * " (yellow trace Fig 1D) , and its existence renders sequential traversal of the same trajectory by two magnetic charges of same sign as forbidden 10 . Therefore, a microscopic theory for magnetization fluctuations and noise, including the effects of both doubly-charged monopoles and correlated monopole motion, is required. Here we use Monte Carlo (MC) simulations of the thermally generated magnetic configurations from Eqn. 1 (SI Section A), with the correspondence between the MC time-step and seconds established as described in SI Section E. The result is a prediction of the spectral density of fluctuations S (ω, T) in the zcomponent of magnetization for each and in Dy2Ti2O7. These MC simulation-data are shown in Fig. 2B as the noise spectral density of magnetic field fluctuations G ' , for 
To exploit these opportunities, we developed a high-sensitivity SQUID based fluxnoise spectrometer 21, 22 to measure / generated by crystalline samples. Here we use it for determination of / , from Dy2Ti2O7 samples over a frequency range 1Hz<f<2.5kHz
(SI Section C). This spin-noise spectrometer (SNS) is mounted on a custom-built, lowvibration, variable temperature cryostat operable in the range 1.2K≤T≤7K, which was estimated to be optimal for detection of most intense noise spectra in Dy2Ti2O7 proportional to ( ) throughout our temperature range, as expected ( Fig. 2C) , so that the low frequency flux-noise spectral density / 0, rises with falling temperature (Fig. 4A ).
This situating is expected within GR models when the variance in monopole number q B remains roughly constant, experimental confirmation for which is given in SI Section D.
Moreover, comparison of ( ) derived here from flux-noise spectroscopy data and ( ) derived from traditional magnetic susceptibility measurements, reveal them to have good correspondence of temperature dependences [23] [24] [25] [26] [27] where common data exist (SI Section D).
Most generally, all the magnetic-flux noise phenomena observed (Fig. 3 , 4A) are consistent with the theoretical predictions (Fig. 2) for a thermally generated plasma of ± * magnetic charges that is dominated by generation-recombination fluctuations.
The , are occurring due to a combination of the existence of a Dirac-string trailing each monopole ( Fig. 1D ) and the Coulombic interactions.
To recapitulate: by introducing SQUID-based spin noise spectroscopy techniques to studies of lanthanide-pyrochlores, theoretical predictions for the magnetic-flux signature of a ± * magnetic charge plasma 6, 7, 8 in spin ice, are studied for the case of Dy2Ti2O7. The strong magnetization noise predicted to exist in these specific materials by Monte-Carlo simulations 8 ( Fig. 2) is observed for the first time (Fig. 3A) . The frequency and temperature dependence of the magnetic-flux noise spectrum / , predicted for ± * magnetic charges undergoing thermal generation and recombination (Fig. 2B,C) is confirmed directly and in detail (Fig. 3) . The expected transition from a plateau of constant magnetic-flux noise 7, 8 for ( ) ≪ 1, to a power-law falloff 8 for ≫ 1 , is observed throughout (Fig.   3A ). And the low-frequency flux-noise spectral density / 0, increases rapidly with falling T (Fig. 4A ). These / , characteristics are exceptional, in that the magnetization-noise spectral density signature of a ferromagnet 21 , a classic spin glass 22 , or an Ising paramagnet 29 all evolve very differently with w and T. On the other hand, the observed phenomenology of / , in Dy2Ti2O7 is quite analogous to that of voltage-noise spectral destiny from GR of electron-hole pairs in semiconductors 15, 16, 18, 19, 30 . Thus within the context of ± * generationrecombination theory, the flux-noise spectral density / , (Figs. 3,4 ) is highly consistent with other studies implying that Dy2Ti2O7 and Ho2Ti2O7 contain a plasma of emergent magnetic monopoles 9,10,14, 31 -36 . Additionally, the agreement of measured magnetization noise autocorrelation functions Å AE ( )/ Å AE (0) with those predicted from MC simulations (Fig. 4B) , indicates that significant correlations exist in the motions of Dy2Ti2O7 magnetic monopoles. Overall, we find detailed and comprehensive agreement between current theories for thermal generation and recombination of a correlated ± * magnetic monopole plasma ( Fig. 2 ) and the phenomenology of magnetic-flux noise spectral density in Dy2Ti2O7 However, due to the spin ice constraints the specific path taken, which can be identified with a Dirac string with flux * , cannot be traversed sequentially by another such magnetic charge of the same sign. We note that the distinction between the single slope (red) for the free monopole 
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A Monte Carlo Simulations
A.1. MC Simulation Procedures
Monte Carlo (MC) simulations are used to model the magnetization dynamics of Dy2Ti2O7. In general, these simulations were carried out on a sample containing 4x4x4 unit cells, each of which contains 16 Dy 3+ ions. We refer to this as the MC sample. Standard MC procedures are used [19] , consisting of 10 6 cooling steps followed by an interval of 5000 MC-time-steps, at fixed T. During this interval W, the time dependence of net z-component of magnetic moment ¯ of the whole MC sample is then simulated. This procedure is then repeated 600 times. Carrying out the MC simulations for 5000 MC sequential time-steps ensures capture of a spread of microscopic time-scales at each temperature which covers that expected in this material at these temperatures. This is because it spans the range from approximately a single MC step ~100uS to approximately the total time for which simulation runs ~1s. The range of temperatures of these simulations was between 4.0K and 1 K. Because this is a simulation of bulk magnetization dynamics, periodic boundary conditions were used in all directions.
For a given conformation, the z-component of magnetic moment of the MC sample ¯ was found by summing z-components over the individual magnetic moments of the 1024 Dy spins, where µ≈10 B. The simulated time dependence of this value at a given temperature T is ¯, , and is evaluated sequentially during the time window W. Its autocorrelation function is
The predicted spectral density of magnetic moment noise in the MC sample is then calculated using the Wiener-Khinchin theorem
We extract the frequency range To estimate the predicted spectral density of z-magnetization noise expected from the Dy2Ti2O7 experimental sample within range of the SQUID pickup coil (Fig. 1C) , we estimate that there are N= 2.9 • 10 •" ± 20% MC samples in the experimental volume, and divide Figure 2B then shows the estimation of GË , in the spin noise spectrometer, for our specific sample geometry, from the DSI Hamiltonian (Eqn. 1)
A.2 Model Hamiltonians
First the full dipolar spin ice Hamiltonian (given in Eq. (1) in the main text) is employed. The exchange energy is J ≈ −3.72 K and the dipolar energy is D ≈ 1.41 K for DTO. This dipolar spin ice model (DSIM) leads to a lowest energy state of Dy spins pointing into the center or out of the tetrahedron they are sitting on along the local <111> axes. This state is known as the 2-in-2-out state (Fig. 1D) . As previously discussed, the violation of this rule by a spin flip causes generation of a monopole anti-monopole pair with charge ± * or doubly charged pair with charge ±2 * (Ref. 14). The energy of two nearest-neighbor monopoles is 3.06K, and the energy to create one monopole is = 4.35K. Since the spins sit on tetrahedral corners, magnetic monopole motion is guided by spin flips in a topologically constrained fashion. These monopoles experience a strong coulombic force between the ± * charges as described in Eqn. (2) of the main text.
Second the nearest-neighbor spin ice (NNSI) Hamiltonian is considered. This is executed by setting D=0 in Eqn. 1 of main text. It suppresses the effects of long-range coulombic interactions. J is chosen such that the system still has a 2-in/2-out ground state, while having the same density of excitations as DSI at a given temperature. This system still has monopole-like excitations, but greatly reduced force between the monopoles. Thus, we predict the noise spectral density of ± * magnetic charge pairs hopping in the presence of strongly suppressed coulombic interactions.
Third, we identify the noise spectrum of ± * magnetic charge pairs hopping freely in the absence of Coulomb interactions or topological constraints due to the Dirac strings in Dy2Ti2O7. The model is specified in Eq. (2) in the main text, with * charges located on the sites of a diamond lattice.
B
Statistics of monopole number fluctuations
The master equation for generation , and recombination , ) of magnetic monopoles [Ref .7] defines the probability , of finding N monopoles at temperature T in a steady state condition Here g(N,T) and r(N,T) are the generation and recombination rates of the monopoles and is the number of magnetic monopole particles added or removed by a generation or recombination event respectively. We take this = 1 in the following analysis. The exact dependence of g and r on N and T depends on the microscopics of generation and recombination process pertaining to the specific system under investigation. We also note that (Ref. 15, 16, 17) 
C.2. Operation
A typical operation cycle consists of cooling down experiment to 1.2K and then using PID controls to vary temperature from 1.2K to above 4K with temperature stability at each point of 2.5 mK. Once the temperature is stable at a desired set-point, we record the flux noise generated by our sample via a spectrum analyzer. Unprocessed data at each temperature consists of 5 datasets of BW 2.5kHz, each of which is an outcome of averaging of 1000 acquisitions where acquisition time = (1/resolution BW), resulting in the measured SQUID output as voltage noise spectral density detected at the SQUID ae , .
C.3 Calibration
The transfer function C between pickup coil and SQUID is calibrated by driving a small known flux Φ yçÙy ( " ) via a drive coil (inserted into the pickup coil) through the pickup coil, and recording the corresponding SQUID output voltage VS. In this case (S.I. Figure 1 
C.4 Flux-Noise Signal Strength
A typical magnetic-flux noise spectral density from a sample compared to the noise spectral density of an empty pickup coil is shown in S.I. Figure 2 for BW: 1Hz to 2.5kHz. The plateau of flux-noise spectral density from Dy2Ti2O7 sits a factor of 1.5 ×10 " higher than the noise floor level. Mechanical noise peaks for empty coil flux signal and for Dy2Ti2O7 flux signal have been deleted manually. We note that the plateau for flux-noise spectral density signal of monopoles from Dy2Ti2O7 goes down to at least 1Hz.
C.5 Sample Geometry Effects
Shape effects could occur in such spin noise measurements. This is because even though we are measuring a cuboidal sample with a coil around the middle, spins at the ends of the sample still contribute partially. Our experiments measure flux through the pickup coil due to the dipole fields from spins in the sample, and the noise is coming fundamentally from spin flips (aka monopole hops). The flux at the pickup coil due to a single spin in the sample depends on where that spin is and which way it is pointing. Some spins are invisible (e.g. spins pointing to a direction in the xy plane) and some have a greater effect, e.g. spins close to, but not at the edge, in or near the plane of the coil, pointing along z. If there is a fluctuation of the magnetic moment of the whole sample, resulting in a net moment, then that would produce a net demagnetization field which all the spins would experience, potentially affecting their dynamics, and that demagnetization field would be shape-dependent.
D. Data Analysis
D.1 Fitting
The flux-noise spectral density floor measured for empty pickup coil in the SNS, i.e.
background noise S ™ "ð} , is fitted to a smooth polynomial function S ™ ñ . Since the noise floor does not vary with temperature, the same function S ™ ñ is then subtracted from the measured Dy2Ti2O7, S ™ òyó ω, T for all temperatures, to obtain the reported noise spectral density S ™ ω, T dataset shown in Fig. 3 . This post processed data is then fit to empirical equation (6) using Least Squares method for a BW of 16Hz-2.5kHz for all temperatures. While the plateau in flux-noise spectral density S ™ ω, T goes down to at least 1Hz for all temperatures, to optimize data acquisition times to ~ 1 hour per temperature, for all spectra reported in Fig. 3 , the lower limit for BW of data for regression analysis is set at 16Hz. The time constant
, power law for frequency ( ) and ™ (0, ) are free parameters in the fitting procedure and fits for all temperatures are of high quality with R 2 >0.99. The residuals for these fits are shown in S.I. Figure 3 .
We established that the flux noise spectral density coming from Dy2Ti2O7 is repeatable in different single crystals of the material as shown, for a typical example, in S.I. 
